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ABSTRACT

Various cosmological situations are discussed in which the annihilation
of antimatter will produce cosmic gamma rays. An upper limit is placed on
the amount of cosmic matter-antimatter interaction consistent with recent
cosmic gamma-ray observations. It is shown that the production of mesons
other than pions have little effect on the annihilation gamma-ray spectrum.
It is also shown that gamma rays arising from annihilations at rest have
energies between 5 and 865 MeV. The gamma-ray spectrum from annihila-
tions at rest is calculated and compared with the calculations of Frye and

Smith.

A discussion is then presented of the various characteristics of proton-
antiproton interactions in flight. Production of various mesons, hyperons,
and isobars is discussed and cross sections are given. General implications

of the data on the resultant gamma-ray spectra are stated.

iv



RESUME

Diverses situations cosmologiques sont envisagées,
susceptibles de produire des rayons gamma cosmiques par
annihilation d'anti-matiere. En accord avec de récentes
observations du rayonnement gamma cosmique, on place une
limite supérieure ala quantité d'interaction possible
entre matiere et anti-matiere dans le cosmos. On montre
que la production de mésons autres que les pions n'a que
peu d'effet sur le spectre du rayonnement gamma d'anni-
hilation. On montre également que les rayons gamma,
produits par annihilation de matiere au repos ont des
énergies comprises entre 5 et 865 MeV. Le spectre du
rayonnement gamma d'annihilation au repos est calcule

et compare avec les calculs de Frye et Smith,

On présente ensuite une discussion des diverses
caractéristiques des interactions en vol entre protons
et anti-protons. On discute la production de divers
mésons, hypérons et isobares et les sections efficaces
correspondantes sont donneées. Les implications générales
des données sur les spectres des rayonnements gamma

résultants sont indiquées.



KOHCITEKT

O6cyxnawTcs DaINUUHHEe KOCMOJNOTUUECKUEe O6GCTOATEeNbCTBA NDU
KOTODHX AHHUTHUIANIUA NMPOTUBO-MATEDPUU OGYNEeT MPOU3BOMNUTHL KOCMU-
yeckve ramma nyuyu. HaknanwBaeTcA BeDXHUM npenes Ha KONUUYECTBO
B3ayMonelic TBU{f MeXOy MaTepuell U NpPOTMBO-MaTepueit B cornacosa-
HUM C HeINaBHUMM HAGNHWIEHWAMN KOCMUUECKUX Tramma nyuel. YKasmwsa-
€TCA Ha TO UTO MNPOM3BONCTBO ME30HOB MHHX YeM MNUOHOB cnal0 BIUAET
Ha AHHUTUIAUUK CHNeKTpa ramda nyuelt .JKaswBaeTCA TaKXe YTO ramma
IYyU¥ BO3HUKAKWT U3 AHHUTUIANUT B CINOKOWHOM COCTOSHUM MMEKT
Aveprun Mexnyv 5 u £65 MeV., BwcunTaH cHekTD ramma avueli M3 aHHU-
TUNANUNT B CNOKOVHOM COCTOSHUM M COTJACOBAJCH C MCUNCIEHVWAMU
Ppeit n limura.

[lpuBonuTCcA nanwvie OGCYX¥IEHUE DA3NNUYHHX XaDaKTEeDUCTUK B3&-—
vMOoneic TBUY MeXOy MNpOTOHAMUM M AHTUMNDOTOHAMU R nonerte. O6cyrna-
eTCS NDOM3BONCTRO DAINUYHHX MEe30HORBR, TUIMEDOHOB U u306aDOB "
MMUBONATCSH TONEeDeuUHHe CeuveHNA. BHBeleHa NMDUUACTHOCTB N8HHHYX

HA ITooMcTeKawllil CMeKTD TraMma nvuel.

vi



THE PRODUCTION OF COSMIC GAMMA RAYS IN
INTERSTELLAR AND INTERGALACTIC COSMIC-RAY
COLLISIONS

IV: GAMMA-RAY PRODUCTION FROM COSMIC PROTON-
ANTIPROTON INTERACTIONS

F. W. Stecker
I. INTRODUCTION

A topic of importance to both cosmology and particle physics is the
existence or nonexistence of antimatter in the universe (Alfvén, 1965). It is
therefore of interest to determine the extent to which gamma-ray astronomy
may be useful in determining the existence of 1) cosmologically distributed
antimatter and 2) antimatter sources in which matter-antimatter interactions

take place.

For the purpose of discussion we define the terms "R.G.' and "C.R. "
as follows. An R.G. (rest-gas) proton (or antiproton) is one possessing
negligible kinetic energy with respect to the surrounding gas in an astronomi-
cal system. For example, nuclei of the interstellar gas clouds in the galaxy
from which stars are formed may be considered R. G. nuclei. A C.R.
(cosmic-ray) proton (or antiproton) would be one possessing relativistic energy.
We may thus envision four situations for discussion in which matter and anti-

matter might interact:

A. R.G. matter + R. G. antimatter (R.G. -R. G. )
B. R.G. matter + C. R. antimatter (R.G. -C. R.)
C. C.R. matter + R.G. antimatter (C. R. -R. G.)
D. C.R. matter + C. R. antimatter (C. R. -C. R.)




Although astrophysics has revealed many surprising phenomena, we
would be hard put to imagine a system in which the number of R. G. nuclei did
not greatly outnumber the number of C. R. nuclei. Indeed, the evolution of
such a system from a more balanced one would violate the second law of
thermodynamics. Therefore, if we let the number of R. G. nuclei in a typi-
cal system be N and the number of C. R. nuclei in the system be of the

order ¢ N, with e <« 1, then typical interaction rates would have the properties

R(R.G.-C.R.) _ R(C.R.-R.G.) . (1)
R(R.G.-R.G.) R(R.G.-R.G.)

R(C.R. -C. R.) )
R(C.R.-R.G.) R(R.G.-C.R.)

~e (2)

and
R(C.R. -C. R.
R(R. G. -R. G.

)~ & (3)
)

We will thus assume that the likelihood of C. R. -C. R. interactions is
negligible compared to the likelihood of R. G. -C. R. or C. R. -R. G. interactions
that will produce gamma rays of similar characteristics, and we may limit
ourselves to the discussion of R.G.-R. G. and R.G. -C. R. (or C.R.-R.G.)

interactions.




2. THE GAMMA-RAY SOURCE SPECTRUM

The gamma-ray source spectrum from p-p interactions of the R. G. -C. R.

type is given by

.. (B :Jdr np(‘i‘) JdE_ﬁ I(Eﬁ,?‘);des O'S(ES;E_I_))

xzd: LYdRYdde(EY;ES) . (4)

For interactions of the C.R. -R. G. type, we use the corresponding

expression
Icr.-RG.(Ey =fdr ns(r)f 4B I(E_,7) ;descs(Es;Ep)

X zd:QYdRYdfds(EY;ES) . (5)

The notation for equations (4) and (5) is as follows: The quantity n(T) is
the number of target nucleons in the medium in (:m-3 as a function of position;
I(E,T) is the differential cosmic-ray particle flux in cm“2 sec“1 sr-l GeV-l.
The subscript p stands for proton, p for antiproton, s for secondary particle
produced in the collision, and d for decay mode. The production function
O'S(ES;Ep) represents the cross section for production of secondary particles
of type s and energy Es in a collision of primary energy Ep’ ng represents

the number of gamma rays produced in the decay mode d, RY is the branching

d
ratio for the decay mode d (the probability that a secondary particle s will
decay via mode d) and fds(EY;ES) is the normalized distribution function repre-
senting the probability that a secondary particle with energy ES will decay to

produce a gamma ray of energy EY.




The gamma-ray source spectrum from p-p interactions at or near rest
is given by

IR. G. -H(Ey) = Sdr np('f)nﬁ(?')jdv f(v) vzs:deS O'S(ES;V)
X Zd-: ngRydfds(Ey;Es) , (6)

where v is the relative velocity between the proton and antiproton, f(v) is a
normalized distribution function expressing the distribution of relative veloc-

ities between the interacting nucleons of matter and antimatter,

The form of equation (6) suggests that the introduction of the term

""emission measure'' be defined in analogy with its use in astrophysics
(Shklovsky, 1960).

We therefore define the emission measure B as

B = Sdr n (T) n () . (7)
P P

Therefore, it follows from equation (6) that

.. -xalE)<B - (8)




3. PROTON-ANTIPROTON ANNIHILATIONS AT REST

We now state more precisely what we mean by a ''rest gas.' We define a
rest gas to be a gas of particles such that no particle in the gas has an energy
greater than 286 MeV. This rather liberal definition of rest is sufficient to
ensure that the only secondary particles produced in R. G. -R. G. interactions
that yield gamma rays are secondary mesons produced by nucleon-anti-
nucleon annihilation. Our restriction leaves out interactions of the type

p+p—p+p+ 0 (9)

since the threshold for reactions of this type is 286 MeV (see Part I"‘).

Since the threshold for nonannihilation inelastic p-p interactions which
produce other particles is even greater, it follows that in the R.G. -R. G.

case, only annihilations, i.e., reactions of the form

p+ p — bosons
neutral pions

L—) gamma rays (10)
need be considered.

Table 1 lists the experimental cross sections for proton-antiproton
annihilation as a function of incident antiproton kinetic energy. Also listed
is chs and the product of the annihilation cross section (orA) and c. m. s.
(center-of-momentum system) velocity (ﬁcms). It can be seen from Table 1
that the product of c. m. s. velocity and annihilation cross section is constant

over a very large energy range. For nonrelativistic energies

SR (11)

] —

ﬁ o~

cms

>FSee Stecker, 1966 in reference list.




B being the relative velocity of the particles, so that we find experimentally

4.8x107% cm® 1.4x107!% cm’sec”!

T p B - , (12)

which agrees with the theoretical cross section

™ I‘Z
o, = B—P— , (13)
cms
taking
Ty = 0.87 x 10713 em (14)

as the proton (or antiproton) radius and using the model of Koba and Takeda

(1958) in which the nucleon acts as a black absorbing sphere of radius rp.

Table 1. Experimental cross sections for proton-antiproton anni-
hilation as a function of incident antiproton kinetic energy

Tp(MeV) O’A(mb) Bﬁ(c. m.s.) ﬁ_p crA(mb) Reference
25-40 192 + 34 0.13 25 Loken and Derrick
(1963)
45 175 < 45 0.15 26 Cork, Dahl, Miller,
Tenner, and Wang
(1962)
40-55 155 + 27 0.16 25 Loken and Derrick
(196 3)
55-80 118 + 26 0.20 24 I.oken and Derrick
(1963)
90 101 + 9 0.22 22 Cork et al. (1962)
145 99 8 0.28 28 Cork et al. (1962)
245 66 + 6 0. 36 24 Cork et al. (1962)
7000 23.6 + 3.4 ~] 24 Ferbel, Firestone,
Johnson, Sandweiss,
and Taft (1965)




We have thus shown that for annihilation interactions involving kinetic

energies less than 286 MeV, we may write

. _ -1
O'A’S(ES,V) = CS f(Es) v s (15)

where Cs is a constant, and f(ES) is a normalized energy distribution function,
so that from (6) and (15) we obtain

Ip.a. KRG (BEY= Byd" f(v) V;deS“S(ES?V) ; ¢ aRyafas(ByE,)

-1
g de v EJCS dEsf(Es) Zd ngRYdfds(EY;Es)

S

B[ECSSdESf(Es)zd:gYdRYdfds(Ey;Es)] , (16)

s

I

where the reduction

de f(v) v - v-1 = 5dv f(v)=1 (17)

follows from the normalized definition of f(v).

As a simplified numerical example of equation (16) let us roughly cal-
culate the gamma-ray spectrum from secondary neutral pions produced by
annihilation. Let us assume onthe average three gamma rays are produced per

annihilation from m° decay. From equation (12), we then find

15 -1

C 0~'¥4.2>< 10° crn?)sec-1 sr

m

(18)

If metagalactic space were then made up of equal numbers of nucleons and
antinucleons with a density of 10_5 cm-3 out to a radius of 1028 cm (typical)

cosmological parameters), then we would obtain



}3:1018cnr1--5 s (19)

or an expected gamma-ray flux from p-p annihilation (Iann ) on the order of

i = BC ~ 4, 000 photons (cm® sec sr) L . (20)
ann.

However, recent experiments place upper limits on the cosmic gamma-
ray spectrum in the 100-MeV region at about 10-4 photons cm_2 sec-l sr-l, or
about 7 orders of magnitude below this value, thus placing severe restrictions
on cosmological speculations about the amount of antimatter interacting with

matter in the universe.

Conversely, the experimental upper limit on I(EY) places an upper limit
of

1
B=2x10 0 (21)
on the "emission measure' of matter-antimatter interaction in the universe.
Any matter-antimatter cosmology, such as the model of Alfvén (1965)

and Alfven and Klein (1963), must take into account the experimental upper

limit on the gamma-ray flux.



4. SELECTION RULES

If we assume that the large majority of gamma rays from R. G. -R. G.

interactions arise through nd decay, equation (16) reduces to

00
- fA(ED)
Ir.c. R (Ey) = BC o I g —&_T (22)
2 EZ 2
E + My w - Mo
4E
vy
The process
p+p— T (23)
is,of course, forbidden by conservation of momentum. The process
p+§—>170+11'0 (24)

is also forbidden when it is noted that proton-antiproton annihilations at rest

occur predominantly from the S states of the proton-antiproton system.

The selection rule that forbids reaction (24) follows from conservation

of G conjugation parity.

The process of G conjugation is an extension of charge (C) conjugation,

which holds for charged, as well as neutral particles. It is defined as

G=Ce , (25)



where C is the charge-conjugation operator and T, is the second component

2
of the isospin vector. From (25) we can show the commutation relation

[T,G] =0 . (26)

Thus, we may describe particle states as simultaneous eigenstates of both G
and T.

We can show (Sakurai, 1964) that systems having baryon number 0 are
in an eigenstate of G. The proton-antiproton system is just such a system.

For this system

G = (_1)L+S+T ) (27)

where L, S, and T are the orbital, spin, and isospin quantum numbers of the

state, respectively.
In a final state consisting of gw pions, G is given by
G=(n T (28)
The selection rules (28) and (29) indicate that for an S-state annihilation
(L. = 0), the final state consisting of two neutral pions is strictly forbidden

(Lee and Yang, 1956).

Therefore, the extremum gamma-ray energies that we would expect

from this decay would result from interaction of the type
— - 0
pHp— T AT (29)

resulting in pions with the given maximum energy

10




Thus, the annihilation gamma rays are limited to the energy region

%EO -‘/EZO -mTZTSEYS-;:EO +‘/E20 -rnTzT
T, max ™, max T, max T, max
(30)
or 5 MeV = EY = 865 MeV.
The process
P+P—= Y+Y (31)

may also occur, but this process, involving the electromagnetic emission

(e. m. ) of two photons, is of order

2.6 X 10-30 sz
o = a o

e. m. %A, strong B

(32)

We can also examine the production and decay of various other mesons
leading to gamma-ray production. (In annihilations at rest, we need not
consider production and decay of baryon-antibaryon pairs having MB > Mp’
since their production is forbidden by conservation of energy. )

11



5. THE STATISTICAL MODEL OF MATSUDA

In considering the production of mesons other than pions, we refer to
the simple statistical model of Matsuda (1966) and the data of the Columbia

University group presented in the Matsuda reference.

The Matsuda model assumes that shortly after annihilation the total
energy of the p-E system (equal to ZMp) is distributed in an interaction
volume € and that the system reaches thermal equilibrium. Since in the

annihilation the wave pockets of the two particles completely overlap in an S

state, then for

3
(£
p2<§>gexgt ,
2
M(Eﬁ;) , (33)

we find that the mean free path of the meson produced, ﬂmf , is
£ =10 "\ (34)

for an experimentally observed average number of mesons produced, where
)\st is the distancg traveled by the meson during the strong interaction in time
top = )\st c =10 sec. Thus,we find that there is enough time available for
the created mesons to collide with each other and reach thermal equilibrium
before they leave the interaction volume 2. Matsuda then assumes that there
exist’s a quantized energy level € > 0 for each type of meson (T =T, p,w,n,

K,K , etc.) produced in the annihilation. The whole system reaches a ther-
mal equilibrium given by the parameter ¢ = 1/kT at temperature T, which

is therefore the same for each nonstrange boson (type ¢ = 7, p,w,n, etc.)

12




or strange meson pair (typev = KK, K*R*, etc.). We designate the statistical

weights by
g, = (ZST + l)(ZTT+ 1y , (35)

TT being the isospin of particle 7. Since the created mesons are bosons, we

therefore obtain

gT
) =—5— - (36)
e -1

Matsuda then introduces the chemical potential parameter e 0 associated

with the production of each particle and related to the observed average en-

ergy <E'r> of each particle through the relation

e =(E) - ¢y (37)
which must satisfy the condition

cg<(E)) (38)

so that equation (36) for nonstrange mesons becomes

= &g 39
R GREW : (39)

e -1

For pairs of strange mesons, equation (36) becomes

= L4 , (40)
¢, SUE, V-2 )

e -1

since the formation of each meson involves energy e 0

13




The observed average energies of the various mesons produced in pp
annihilations at rest are listed by Matsuda and given here in Table 2. It is

then found that by specifying

150 MeV

1

0| —

and

"

g = 295 MeV (41)
excellent agreement with the experimental production rate is obtained as
shown in Table 2. The total average number of produced particles calculated

from equations (39) and (40) is

(Giop) = Z(Le) +Z KL ) =4.37 . (42)
The value given by the experimental results is

<éto‘c> expt =4.34 (43)

also showing excellent agreement.

Both the experimental data and the simple statistical model of Matsuda
indicate that in proton-antiproton annihilations at rest p-meson production
is an order of magnitude less important than m-meson production and that
production of other mesons is at least 2 orders of magnitude less frequent
than m-meson production. Table 3 shows the decay schemes of these mesons
that lead to final-state gamma rays and other relevant data. Table 4 shows
some recent data on meson production indicating that about 20% of the gamma
rays produced arise through nonpionic meson production. The largest non-
pion contribution to the gamma-ray spectrum is due to the p-meson decay
schemes

p:t—> Tr:t+1T

vy

. (44)

14



The p meson is an isospin triplet (T = 1) constructed from two pions, each

having T = 1.

struction yields

P9 == (1) 17 - 17 [+)

10%) =é(|v+>|v'> - Ty 1Y)

-——1—110 ) - =" 1'ro .
|p>-\f2(| Yln7) - =) )

Evaluation of the Clebsch-Gordon coefficients for this con-

(45)

Since the pO construction does not contain any lno) | -rr0> terms,

2
0.0, 0
(v ") =0

and, therefore,

3

20 £ 10, o0

(46)

(47)

Table 2. Average energies and production rates for various particles
produced in proton-antiproton annihilations at rest (from
Matsuda, 1966)
T Average energy Calculated Experimental
Particle or pair (MeV) production rate production rate
™ 380 3.96 3.94 £ 0. 33
0 850 2.3 % 107} (2.540.6) X 10
-2 -
w 940 4.2 x 10 (4.5j:0.7)><102
n 860 2.4 x 10 (1.4 +£0.5) x 1072
KK (K)660 3.1 x 1072 (3.3+1.6) x 1072
KR, RK" 20.6 x 107> (8.8 +1.8) x 10°°
KR (K*)980 3.8 x 1073 (3.940.7) x 1072

15




Table 3. Decay modes, branching ratios, and gamma-ray
multiplicities for various particles produced in
proton-antiproton annihilations

Branching ratio
Decay mode (R) LyR
R ~1.00 2.0
w -~ miiaaxl 0. 89 1.78
~ %y 0.10 0.30
N - vty 0. 386 0.78
— 3710 or 170 +2Y 0. 308 1.5
DL 0.250 0.5
~ wtiaay 0.055 0.05
xt oty 0t 0.215 0.43
K(l) ~ w0440 0.155 0.62
K, KD ~ w04a04a® 0.133 0.80
K) - w4n +ad 0. 067 0.1
K* -~ Kitr - -

Other gamma-ray-producing decay modes have negligible
branching ratios.

Table 4. Production rates for various meson-producing channels
in proton-antiproton annihilations at rest ™

Channel Rate(%) LY LyR
pOn0 1.4£0.2 2 2.8
piwt 2.9+0.4 2 5.8
t o0t a 58792 0 0
206 0.4£0.3 0 0
WO ntan 7.3+ 1.7 2 14.6
ptntat e 6.4+ 1.8 2 12.8
t ot 3.810.4 2 7.6
¥ Oat e 1.2:0.3 ~2.6 3.1
GO0 0.7+0.3 2 -
2 0 0.22£0.17 ~2.6 -

;‘:From Baltay, Ferbel, Sandweiss, Taft, Culwick, Fowler, Gailloud, Kopp,
Louttit, Morris, Sanford, Shutt, Stonehill, Stump, Thorndike, Webster,
Willis, Bachman, Baumel, and Lea (1964).

1

+_- 0
Includes cases where T 1 were from p~ decay.

16




Gamma rays from this process possess an average energy of 210 MeV,
not much different from the 190-MeV average energy given to gamma rays
from the directly produced pions that are an order of magnitude more fre-
quent. Other mesons being even less frequently produced than the p mesons,
we can conclude that mesons other than pions have a negligible effect on the

total gamma-ray spectrum from proton-antiproton annihilation.

17




6. THE GAMMA-RAY SPECTRUM FROM PROTON-ANTIPROTON
ANNIHILATIONS AT REST

Calculation of the gamma-ray spectrum from proton-antiproton annihi-
lations at rest was therefore made, neglecting the contribution from decay of
mesons other than neutral pions. The normalized gamma-ray spectrum was

calculated numerically on the CDC 6400 computer from the relation

£, (E )
(E ) = , (48)
f f e

4E
Y

with the normalized distribution function fA(E'rr) taken from the calculations

of Maksimenko (1958), based on the statistical theory of multiple particle

production.

The resulting spectrum, up to 750 MeV, is shown in Figure 1. Frye
and Smith (1966) have recently calculated the gamma-ray spectrum from
proton-antiproton annihilation up to 500 MeV, based on recent measurements
by the Columbia University group on charged pions from pp annihilation. The
excellent agreement between the results of Figure 1 and the calculations of
Frye and Smith not only serves as a mutual check on the calculations, but
also supports our previous conclusion that mesons other than pions have a
negligible effect on the total gamma-ray spectrum from proton-antiproton

annihilation at rest,

The absolute magnitude of the gamma-ray spectrum from proton-anti-

proton annihilation at rest is obtained from equation (22) as

IA(EY) =B c1T0 fA(EY) . (49)

18




NORMALIZED GAMMA RAY SPECTRUM
FROM P-P ANNIHILATION

I(E7)= BCyo f(Ey)

| i l L ] | 1 i i 1
0100 0200 0300 0400 0500 0600 0700

Ey (GeV)

Figure 1. Normalized gamma-ray spectrum from proton-antiproton
annihilation.
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7. PROTON-ANTIPROTON ANNIHILATIONS IN FLIGHT

We now turn our attention to R.G. -C. R. interactions. Here, owing to
limitations in the data, as well as kinematic and dynamical similarities that
would make the gamma-ray spectra from such interactions difficult to dis-
tinguish from the gamma-ray spectra due to the much more prevalent

R. G. -C.R. interactions, we will present only a qualitative treatment.

An excellent review article on high-energy interactions of antiprotons
in hydrogen has been presented by Baltay et al. (1964). For high-energy

pp interactions, annihilations of the type

p+p—p+p+ bosons , (50)

N + I—\.Ia< + bosons
p+P— N + N + bosons
( N>‘< + ﬁx + bosons , (51)

and

(Y+?

Y + _3—{* + bosons
p + 5 - ES —
< Y + Y + bosons

\Y* + ?* + bosons (52)

may occur, as well as annihilations of the type previously considered.

Reactions of the type given by equation (51) seem to occur frequently
and to be of a similar nature as pp interactions. For example (Ferbel,
Sandweiss, Taft, Gailloud, Kalogeropoulos, Morris, and Lea, 1962; Ferbel

et al., 1965), proton-antiprotoninteractions inthe 3-to 4-GeV/c rangelead to
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strong production of the N3/2(1. 237) isobar, while at 7 GeV/c no single
resonance seems to dominate. The angular distribution of the outgoing
baryons is strongly peaked in the forward and backward directions in the

collision c. m.s. All these facts hold true for the p-p interactions dis-

sleate

R

cussed in Parts I and III. " In the energy range where production of the
N (1.237) isobar predominates, production of neutral pions occurs at roughly

the same rate in both p-p and p-p interactions,as indicated in Table 5 (Baltay
et al., 1964).

Table 5. Cross sections for inelastic single neutral-pion production in
proton-antiproton interactions as a function of incident momentum

Reaction Collision momentum (GeV/c) Cross section (mb)
- - 0
ptp—~p+p+m 3.25 2.3+£0.5
p+p—>p+p+ﬂ0 3.67 2.9+ 0.3

This fact, too, strongly highlights the similarity between p-p and non-
annihilation p-p interactions at similar energies. Thus, in the 3- to 4-GeV/c

range, neutral (and charged) pion production is dominated by the channel

Sk +—-
oo N2t N
3/2

It may therefore be assumed that the nonannihilation R. G. -C. R. (or

C.R. -R.G.) interactions will lead to gamma-ray spectra having the same
characteristics as those from high-energy p-p interactions (see Parts II

and III). Experiments also show that in p-p interactions between 1.6 and
7.0 GeV/c (Bbckmann, Nellen, Paul, Wagini, Borecka, Diaz, Heeren,

Liebermeister, Lohrmann, Raubold, S8ding, and Wolff, 1966), nonannihilation

“See Stecker, Tsuruta, and Fazio, 1967 in reference list,

ksl . .
“See Stecker, 1967 in reference list.
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production of pions increases with respect to annihilation production, and
that at 5.7 GeV/c,the cross sections for the two processes are comparable

(and also comparable to the cross section for inelastic p-p interactions).

Bdckmann et al. (1966) find these values for the cross sections at
5.7 GeV/c:

p+p—p+ p+ bosons (inelastic) 24.8+2.0mb

- (54)
p + p — bosons (annihilation) 22.5+£2.0mb,

The pion multiplicity in annihilation interactions rises slowly with energy,

as shown in Table 6.

Table 6. Average pion multiplicity in annihilation interactions
as a function of incident momentum

Momentum (GeV/c) Multiplicity Reference
0 ~4,3 Matsuda (1966)
3,25 ~6. 0 Baltay et al. (1964)
5.7 ~7.3 B8ckmann et al. (1966)

The cross sections in Tables 7 and 8 are comparable in magnitude to
those given in Part II for hyperon production in p-p interactions. As in
pP-p interactions, these cross sections are small relative to pion production
cross sections, but increase with energy. The outgoing hyperons are ob-
served to be emitted strongly in the forward and backward directions,as in the
case of p-p interactions. Also, in interactions involving final-state Y- and

m-production resonances (strange isobars) of the type
Ya< - Y+ (55)

are commonly produced.
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Table 7. Cross sections for hyperon-antihyperon production in
proton-antiproton interactions

Cross section (nb)
Final state 3.25 GeV/c 3.69 GeV/c
AN 87 £ 13 94 + 14
AC, Ax0 56 + 11 76 + 14
sts-
- 38 + 11 56 + 14
="z
=zt 4l 3
AA + nmw
A§0+nn0, x50, 0 102 £ 39 122 + 43
AAT " 15+ 6 30+ 9
=EAn T TFART 51 + 18 143 + 45
stEFq 0 745 28 + 19
KN(A or %), KN(A or Z) 24+ 10 41 + 14
Total antihyperon production 438 + 52 710 + 78

n

Based on one event at each energy.

Table 8. Cross sections for the reactionp+ p— A + A as a
function of incident momentum

Momentum (GeV/c) Cross section (pb) Reference
1.61 57+ 18 Button et al. (1961)
3.25 87+ 13 Baltay et al. (1964)
3.69 94 + 14 Baltay et al. (1964)

>FButton, Eberhard, Kalbfleisch, Lannutti, Lynch, Maglic’, Stevenson, and

Xuong (1961).
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Thus, we can summarize the findings for high-energy p-p interactions

as follows.

A. There are two distinct types of pion-production processes that may

be considered. They are

1. Annihilations.
2. Inelastic pion production without annihilation.
B. The ratio of occurrence of process 2 relative to process 1 increases

with increasing energy between 1.6 and 7.0 GeV/c and is approximately 1
at 5.7 GeV/c.

C. Inelastic interactions (without annihilation) are very similar to p-p

interactions and exhibit similar resonance production and forward-backward

peaking.

D. Strange particles are produced in similar quantities in both inelastic

P-p and E—p interactions.

For these reasons, we may assume that

A. An "isobar-plus-fireball" model, similar to that used in Part III,
may be applicable to high-energy pp interactions. In this case, annihilation
interactions may be included as an added contribution to the fireball com-

ponent.

B. At high energies (EY > 5 GeV) there is at present no reason to assume
that the characteristics of the gamma-ray spectrum from p-p interactions

will differ from those of the gamma-ray spectrum from p-p interactions.
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